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ABSTRACT
We present the results of a Hubble Space Telescope WFC3/F160W SNAPSHOT sur-
vey of the host galaxies of 39 long-duration gamma-ray bursts (LGRBs) at z < 3. We
have non-detections of hosts at the locations of 4 bursts. Sufficient accuracy to as-
trometrically align optical afterglow images and determine the location of the LGRB
within its host was possible for 31/35 detected hosts. In agreement with other work,
we find the luminosity distribution of LGRB hosts is significantly fainter than that
of a star formation rate-weighted field galaxy sample over the same redshift range,
indicating LGRBs are not unbiasedly tracing the star formation rate. Morphologi-
cally, the sample of LGRB hosts are dominated by spiral-like or irregular galaxies. We
find evidence for evolution of the population of LGRB hosts towards lower-luminosity,
higher concentrated hosts at lower redshifts. Their half-light radii are consistent with
other LGRB host samples where measurements were made on rest-frame UV obser-
vations. In agreement with recent work, we find their 80 per cent enclosed flux radii
distribution to be more extended than previously thought, making them intermedi-
ate between core-collapse supernova (CCSN) and super-luminous supernova (SLSN)
hosts. The galactocentric projected-offset distribution confirms LGRBs as centrally
concentrated, much more so than CCSNe and similar to SLSNe. LGRBs are strongly
biased towards the brighter regions in their host light distributions, regardless of their
offset. We find a correlation between the luminosity of the LGRB explosion site and
the intrinsic column density, NH, towards the burst.
Key words: gamma-ray burst: general
1 INTRODUCTION
Long-duration gamma-ray bursts (LGRBs) mark the spec-
tacularly violent deaths of massive stars. Distinguished
observationally from ordinary core-collapse supernovae
(CCSNe), the star’s death is accompanied by an intense
burst of high energy photons lasting generally from a few
⋆ E-mail: J.D.Lyman@warwick.ac.uk
seconds to minutes, followed by a power-law decay of radi-
ation over a wide range of frequencies (X-ray/UV – Radio),
these are named the ‘prompt emission’ and ‘afterglow’ re-
spectively. The association of LGRBs and the deaths of mas-
sive stars has been well established through observations of
spatially and temporally coincident LGRBs and CCSNe. In
a handful of cases there has been a spectroscopic confir-
mation of the accompanying SN (e.g. Galama et al. 1998;
Hjorth et al. 2003; Stanek et al. 2003; Malesani et al. 2004;
c© 2016 The Authors
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Pian et al. 2006; Starling et al. 2011; Berger et al. 2011;
Schulze et al. 2014) with a growing number of cases where a
photometric rebrightening of the decaying afterglow is con-
sistent with a SN (see Hjorth & Bloom 2012; Cano et al.
2016, for reviews of the GRB-SN connection). In each case
where a SN accompanying a LGRB has been classified, it has
been a broad-lined SN Ic (SN Ic-BL). The mechanism pro-
ducing LGRBs is generally accepted as the collapsar model
(Woosley 1993; MacFadyen & Woosley 1999), wherein a col-
lapsing massive star produces a central engine capable of
powering bipolar relativistic jets that penetrate the outer
layers of the star, emerging to produce the eponymous
gamma-rays. Beyond being massive stars stripped of their
envelopes, the conditions of the progenitor required to pro-
duce a LGRB remain poorly defined (Levan et al. 2016, for
a review) – for example it remains unclear whether LGRBs
can be produced in star formation episodes at all metallici-
ties. This uncertainty in the nature of the progenitors limits
their potential use as cosmic beacons of star formation across
the Universe. The transient nature of LGRBs makes follow
up observations difficult – even within the era of accurate
and early localisation of the explosion thanks to dedicated
high-energy observatories. As with other transients, further
clues to their nature have been gleaned through analyses of
their hosts and host-environments.
The hosts of LGRBs are predominantly young and ex-
clusively star-forming galaxies (e.g. Christensen et al. 2004;
Levesque 2014), consistent with the picture of massive star
progenitors. They are distinguished from field galaxy sam-
ples as being compact (Fruchter et al. 2006; Svensson et al.
2010; Kelly et al. 2014), although they still follow the size-
luminosity relation of field galaxies (Wainwright et al. 2007)
as they also tend to be less luminous (e.g. Le Floc’h et al.
2003; Perley et al. 2016a). The low luminosities are in-
dicative of low stellar mass (e.g. Savaglio et al. 2009;
Castro Cero´n et al. 2010; Vergani et al. 2015) and low
metallicity (e.g. Savaglio et al. 2009; Levesque et al. 2010)
hosts compared to field galaxy samples. Analysis of z ∼
6 LGRB hosts based on the three recent detections of
McGuire et al. (2016) suggests they are compact and low
metallicity, and comparable to Lyman-break galaxy samples
at a similar redshift. The underlying LGRB host-population,
however, is not comparable to a volume-limited field galaxy
population as the rate of production is expected to be
linked to the ongoing SFR of a galaxy and so compari-
son must be made to hosts of other SFR-weighted trac-
ers (e.g. CCSNe Fruchter et al. 2006; Svensson et al. 2010)
or a SFR-weighted field sample. A study by Fynbo et al.
(2008a), based on observations of LGRB damped Lyα sys-
tems, found that their metallicity distribution is consis-
tent with a scenario where LGRBs are drawn uniformly
from a SFR-weighted luminosity function of star-forming
galaxies at z ∼ 3. Studies of z < 1 LGRBs however
show their rates in massive, metal-rich hosts are signif-
icantly depressed (Stanek et al. 2006; Graham & Fruchter
2013; Vergani et al. 2015), indicating that LGRB production
is strongly suppressed at metallicities above 0.3− 1Z⊙ (e.g.
Kru¨hler et al. 2015; Graham & Fruchter 2015; Perley et al.
2016b).
Beyond integrated host galaxy properties, high-
resolution imaging coupled with good enough localisation
of the bursts allows further investigations into the explo-
sion sites of LGRBs, and the nature of these explosion sites
within their hosts’ morphologies and light profiles.
Bloom et al. (2002) investigated the radial offsets of
LGRBs and found the offsets to trace well the hosts’ UV
light distributions. This association was discrepant with that
expected for (then) potential GRB progenitor systems in-
volving delayed mergers of compact BH-NS or NS-NS bina-
ries1, but is in good agreement with expectations from the
collapsar model. The offset distribution of LGRBs shows
them to be more centrally concentrated than SNe type II,
although consistent with the more centrally concentrated
stripped-enveloped (type Ib/c and Ic-BL) subtypes of CC-
SNe Blanchard et al. (2016, hereafter BBF16).
Statistical studies of the association between transients
and their host light distribution can provide further con-
straints on the nature of GRB (Fruchter et al. 2006, here-
after F06) and SN progenitors (James & Anderson 2006) –
the formalism of these pixel-based diagnostics is presented
in Section 3.3. For example, a statistical association between
the locations of a transient type and star formation tracing
light of their hosts strongly argues for short-lived, and there-
fore probably high-mass, progenitors. Conversely a lack of a
statistical association would imply longer-lived and therefore
probably lower-mass progenitors. LGRBs are more strongly
associated with the UV light of their hosts compared to
CCSNe (F06, Svensson et al. 2010 [hereafter S10]), pointing
towards even more massive progenitors than CCSNe. When
splitting by CCSN type, Kelly et al. (2008) find that LGRBs
and SNe Ic and SNe Ic-BL have a similar very strong asso-
ciation to the g-band flux of their hosts, with other CCSN
types displaying a lower degree of association. These simi-
larities in the explosion sites of large samples of SNe Ic-BL
and LGRBs extends the evidence for an association between
the two to include the more distant events, where direct
observations of the accompanying SNe are infeasible. This
strong bias for LGRBs to explode in the brightest regions of
their hosts has been recently questioned by the analysis of
(Blanchard et al. 2016). These authors argue the association
is not as strong as previously found, and in particular that
LGRBs offset from the central regions of their hosts have no
preference for bright regions. They argue that the strong as-
sociation between LGRBs and bright regions of their hosts
is thus driven entirely by the small offset bursts.
In this paper we present the results of a HST NIR imag-
ing survey of the hosts of 39 LGRB hosts, performing astro-
metric alignment of the bursts’ optical afterglows to addi-
tionally investigate the explosion sites of the GRBs within
their hosts. Throughout the paper we adopt the cosmologi-
cal parametersH0 = 73.24 km s
−1 Mpc−1 (Riess et al. 2016)
and Ωm = 0.3.
2 SAMPLES AND OBSERVATIONS
The sample of bursts comprises those observed pseudo-
randomly by the observing schedule from an initial list
of targets in a SNAPSHOT HST program (SNAP 12307,
1 Such compact binary mergers are now the favoured progenitor
model for short-duration gamma-ray bursts (e.g. see reviews of
Berger 2014; Levan et al. 2016).
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Table 1. Sample of Long-GRBs. Where available, the redshifts in Fynbo et al. (2009) were used, super-
seding those in the original GCNs.
GRB Date Obs. Exp time (s)a z Telescopeb Refs
050315 2011-07-20 1209 1.949 Blanco 4.0m/Mosaic II Kelson & Berger (2005)
050401 2010-10-01 1612 2.8983 VLT/FORS2 Fynbo et al. (2005a)
050824 2011-01-18 906 0.8278 VLT/FORS2 Fynbo et al. (2005b)
051016B 2011-01-16 906 0.9364 Swift/UVOTc Soderberg et al. (2005)
060124 2010-09-28 1612 2.297 Swift/UVOT Cenko et al. (2006)
060218 2010-10-12 906 0.0334 VLT/FORS2 Pian et al. (2006)
060502A 2010-10-11 1209 1.5026 Gemini/GMOS-N Cucchiara et al. (2006)
060505 2011-08-03 906 0.089 VLT/FORS1 Ofek et al. (2006)
060602A 2010-12-05 906 0.787 NOT/ALFOSC Jakobsson et al. (2007a)
060614 2010-10-08 906 0.125 VLT/FORS2 Price et al. (2006)
060729 2010-09-15 906 0.5428 HST/ACS Thoene et al. (2006a)
060912A 2011-09-23 906 0.937 VLT/FORS1 Jakobsson et al. (2006b)
061007 2011-07-08 1209 1.2622 VLT/FORS1 Jakobsson et al. (2006c)
061110A 2010-09-30 906 0.7578 VLT/FORS1 Thoene et al. (2006b)
070318 2010-12-31 906 0.8397 VLT/FORS1 Jaunsen et al. (2007)
070521 2011-08-02 906 2.0865 –c Kru¨hler et al. (2015)
071010A 2010-10-29 906 0.98 VLT/FORS1 Prochaska et al. (2007)
071010B 2010-11-25 906 0.947 Gemini/GMOS-N Cenko et al. (2007)
071031 2010-11-20 1612 2.6918 VLT/FORS2 Ledoux et al. (2007)
071112C 2010-10-08 906 0.8227 Gemini/GMOS-N Jakobsson et al. (2007b)
071122 2010-12-21 1209 1.14 Gemini/GMOS-N Cucchiara et al. (2007)
080319C 2010-09-19 1209 1.9492 Gemini/GMOS-N Wiersema et al. (2008)
080430 2011-06-21 906 0.767 NOT/MOSCA Cucchiara & Fox (2008)
080520 2011-02-08 1209 1.5457 VLT/FORS2 Jakobsson et al. (2008a)
080603B 2011-08-06 1612 2.6892 LT/RATCam Fynbo et al. (2008b)
080605 2012-02-22 1209 1.6403 VLT/FORS2 Jakobsson et al. (2008b)
080707 2010-10-31 1209 1.2322 VLT/FORS1 Fynbo et al. (2008c)
080710 2011-02-12 906 0.8454 Gemini/GMOS-N Perley et al. (2008)
080805 2011-10-01 1209 1.5042 VLT/FORS2 Jakobsson et al. (2008c)
080916A 2011-03-19 906 0.6887 VLT/FORS1 Fynbo et al. (2008d)
080928 2010-09-18 1209 1.6919 VLT/FORS2 Vreeswijk et al. (2008)
081007 2010-11-30 906 0.5295 Gemini/GMOS-S Berger et al. (2008)
081008 2011-09-04 1209 1.967 Gemini/GMOS-S Cucchiara et al. (2008a)
081121 2011-01-04 1612 2.512 Swift/UVOTc Berger & Rauch (2008)
090418A 2010-10-02 1209 1.608 Gemini/GMOS-N Chornock et al. (2009a)
090424 2011-05-03 906 0.544 Gemini/GMOS-S Chornock et al. (2009b)
090618 2011-01-09 906 0.54 WHT/ACAM Cenko et al. (2009)
091127 2010-12-16 906 0.4903 Gemini/GMOS-N Cucchiara et al. (2009)
091208B 2010-10-10 1209 1.063 Gemini/GMOS-N Wiersema et al. (2009)
a Exposure time of HST WFC3 F160W observations.
b Telescope the afterglow imaging used for alignment was taken on.
c No accurate alignment to the HST image could be made (see Section 3.1).
PI: Levan). The initial target list was formed from Swift-
detected LGRBs2 with a spectroscopic redshift of z < 3
and low Galactic extinction (AV < 0.5 mag). The require-
ment of a spectroscopic redshift implies well-localised bursts
with detected optical afterglows. The one exception in the
observed sample is GRB 070521 – for this burst the host as-
signment of Perley et al. (2009) was used by Kru¨hler et al.
(2015) to obtain a spectroscopic redshift. We also adopt this
host and its redshift as that of the burst. The observations
were taken at late times after the LGRB events and thus we
expect no significant contamination from the GRB light in
2 The nature of GRBs 060505 and 060614, and their place within
the traditional short/long GRB dichotomy, has been questioned
(e.g. Fynbo et al. 2006; Della Valle et al. 2006; Gehrels et al.
2006; Gal-Yam et al. 2006; Zhang et al. 2007). We include these
in our sample, however their exclusion does not signiﬁcantly aﬀect
our results or discussion.
our sample. The rest-frame lag between the event and the
HST observations is more than a year for most events. The
shortest is GRB 091208B, which had a lag of ∼ 5 months
(rest-frame). There are cases of extremely luminous LGRBs
with long-lasting afterglows (and associated SNe) that can
be monitored for extended timescales, such as GRB 130427A
(e.g. Levan et al. 2014; Perley et al. 2014). An example in
our sample is GRB 060729; despite its exceptionally long-
lasting x-ray afterglow (Grupe et al. 2010), the optical/NIR
afterglow faded below the detection limit of HST F160W in
less than 9 months (rest-frame, Cano et al. 2011). For the
majority of LGRBs, the fading afterglow becomes negligi-
ble on much shorter timescales, and thus we do not consider
the presence of any residual light to affect our results for the
sample significantly.
All imaging was performed with the WFC3/IR instru-
ment and filter F160W (λcen ∼ 15400 A˚). These were driz-
MNRAS 000, 1–23 (2016)
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zled using AstroDrizzle3 to a pixel scale of 0.065 arc-
sec using pixfrac = 0.8, with all resulting weight images
satisfying the pixel value rms/median < 0.2 criterion. For
robust identification of the host and to perform environ-
mental analyses of the locations of the GRBs within their
hosts, follow-up observations of the optical afterglow were
required. Optical afterglow imaging came from a wide va-
riety of proposals by different groups on various telescopes
acquired through the relevant data archives, where appro-
priate. The GRB names, date and exposure time of the HST
imaging, redshift of the burst, telescope used for the after-
glow imaging and references are presented in Table 1.
We show in Figs. 1 and 2 stamps of the hosts. These
stamps show visually the results of our analyses which are
described in Section 3.
2.1 Comparison data
In order to investigate the nature of our sample of LGRB
hosts, we utilise a deep survey of field galaxies and results
from other LGRB host studies. The comparison samples
used are introduced below and their redshift distributions
are shown in Fig. 3.
2.1.1 GOODS-MUSIC
The GOODS-MUSIC (GOODS-MUltiwavelength South-
ern Infrared Catalogue, Grazian et al. 2006, updated in
Santini et al. 2009) is a mixture of space- and ground-based
literature data of near-infrared (NIR) selected sources. The
catalogue has deep NIR coverage, (90 per cent complete to
Ks ∼ 23.8 mag, with accurately determined spectroscopic
and photometric redshifts Grazian et al. 2006). On all non-
stellar, non-AGN objects in the GOODS-MUSIC catalogue
we require SNR > 5 in the H band (which the F160W fil-
ter closely resembles) and z < 3. This catalogue was then
cross-correlated with the star formation rates (SFRs) deter-
mined by Santini et al. (2009). These SFRs were determined
using two estimators, spectral energy distribution (SED) fit-
ting and mid IR fluxes. Our results are not sensitive to the
choice of estimator (Section 4.3.1).
2.1.2 Bloom, Kulkarni & Djorgovski
The host offset distribution of LGRBs was investigated by
Bloom et al. (2002, hereafter BKD02). Ground-based ob-
servations of the afterglows were astrometrically aligned to
HST STIS/CLEAR (λcen ∼ 5850 A˚) imaging of the hosts,
in order to determine the projected offset of the burst from
the host centre. Where physical (linear) distances and off-
sets are presented here, we have recalculated them from the
angular separations given in BKD02 and using the cosmol-
ogy defined in Section 1. We only include those bursts which
have a redshift determined to be < 3 (i.e. we do not include
GRBs 971214, 980326, 980329, 980519, 981226 and 990308).
3 http://drizzlepac.stsci.edu/
2.1.3 Fruchter et al. & Svensson et al.
F06 present an analysis of the host galaxies of LGRBs and
the location of the bursts within their hosts. Additional data
analysed in the same manner is provided in S10. HST imag-
ing of the hosts were primarily STIS/CLEAR observations,
supplemented with ACS/F606W and WFPC2/F555W ob-
servations. Measurements of pixel statistics and host galaxy
sizes from these studies provide comparison samples in a dif-
ferent wavelength regime. We restrict the comparison sam-
ple to z < 3 to match our selection criterion. As with the
BKD02 sample, any physical distances are recalculated us-
ing the cosmology of the paper.
2.1.4 Blanchard, Berger & Fong
A recent collation sample of a large number of LGRBs ob-
served with HST is presented in BBF16. Following previous
work they investigate host galaxy properties as well as ex-
plosion site diagnostics such as offsets and pixel statistics.
Data are used from a wide variety of instrument setups and
filters, mainly optical and NIR observed wavelengths (corre-
sponding to rest-frame UV/visual over the redshift range in-
vestigated here). As with the other comparison samples, we
restrict comparison only to those with a measured redshift
of z < 3, and recalculate any physical sizes to the cosmol-
ogy of this paper. This sample is slightly weighted to higher
redshifts compared to other samples (median z ∼ 1.25, com-
pared to ∼ 1 for other samples). If the sample was heavily
weighted to the extremes of our redshift cut, galaxy evolu-
tion issues may arise, however the tails of the distribution
are in good agreement and thus this does not compromise a
comparison to our results. We note that this sample is not
independent of the sample presented here. The bursts of our
sample are included in the total sample of 105 in BBF16,
with 37 where their analysis was performed on the same
imaging as analysed here.
3 METHODS
3.1 Optical afterglow astrometry
In order to securely identify the host and accurately pinpoint
the location of the GRB on its host, optical imaging of the
afterglow is required. Using imaging from a variety of tele-
scopes and instruments (see Table 1), a geometric alignment
was found between the follow-up afterglow imaging and the
HST host imaging using common sources in the field. Af-
ter selecting common sources, the transformation solution
was computed by the iraf4 task geomap. The rms of the
fit gives the contribution to uncertainty in the GRB loca-
tion on the HST frame due to this alignment. In addition
to this uncertainty, an estimate of the uncertainty in the
centroid of the afterglow is given by FWHM/(2.35×SNR),
where FWHM is that of the afterglow image and SNR is the
signal-to-noise ratio of the afterglow detection. Uncertainties
4 IRAF is distributed by the National Optical Astronomy Ob-
servatory, which is operated by the Association of Universities
for Research in Astronomy (AURA) under cooperative agreement
with the National Science Foundation.
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Flight
Figure 1. Visual representation of the oﬀset and Flight analysis for each GRB host. The pixels selected in the SExtractor segmentation
map for each host are colour-coded by their Flight value and superposed onto an inverted stamp of the HST image. The pixel used to give
the Flight value of the GRB is indicated on each host with a black star, with the barycentre of the host as determined by SExtractor
shown by the black plus symbol. The brightest pixel location is indicated with an × – note this is the brightest pixel in the SExtractor
filtered image (see text), and thus is not synonymous with the location of the Flight = 1 pixel. Fainter regions of the hosts are denoted by
red pixels with the brightest regions shown with blue pixels. Orientation and linear scale at the distance of the GRB/host are indicated
on each stamp. Pixels are 0.065 arcsec on a side.
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Flight
Figure 1. continued.
on the location from both image axes and the centroiding
were added in quadrature. The coordinates of the afterglow
centroid were transformed with geoxytran to give coordi-
nates in the HST frames. Note for GRB 060729 the HST
WFC/IR imaging was aligned directly to HST imaging of
the afterglow (GO 10909, PI: Bersier), this was repeated for
another epoch where the optical transient was bright to give
an estimate of the uncertainty on the alignment.
For three bursts, an accurate alignment with the HST
images could not be made, these are highlighted in Table 1.
This may be due to the afterglow not being detected on
the follow up imaging, the coarse pixel resolution/PSF of
the afterglow image, or too few sources in common between
the two images to accurately tie an alignment solution. For
these bursts we do not calculate offsets or the pixel statis-
tic detailed in Section 3.3, however, where we can securely
MNRAS 000, 1–23 (2016)
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0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Flight
Figure 2. Same as Fig. 1 but for the GRBs where the location of the burst could not be determined to suﬃcient accuracy to perform
the Flight analysis. The SExtractor segmentation map for the chosen host (see Section 3.1) is again colour-coded by the Flight statistic
for comparison to the others, but an Flight value is not calculated for these bursts. The 1σ locations determined from alignment with
afterglow imaging is shown by the dashed circles, except for GRB 070521 where we simply follow the host assignment of Perley et al.
(2009).
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Figure 3. The redshift distributions of the LGRBs of this
study, the comparison LGRB host samples, and the subset of
the GOODS-MUSIC star-forming galaxy catalogue used.
identify the host through visual inspection or using absolute
WCS coordinates of the host given in GCN circulars of the
afterglow, we include the overall properties of the host in
our subsequent analysis. In the following, we briefly detail
the host assignment method for these bursts.
For GRB 051016B, the afterglow was barely detected
with UVOT in individual filters, and available ground-based
imaging was of poor quality. To increase the depth of the
UVOT imaging for the purposes of astrometric alignment we
summed all exposures taken in all filters (uvw2→ V , includ-
ing the white filter) using uvotimsum within the ftools5
package. From this stacked image we had 6 sources that we
could use as astrometric tie points between the HST and
UVOT image. Given the low number of tie points and the
5 http://heasarc.gsfc.nasa.gov/ftools/
faintness of the source even in the stacked UVOT image, our
alignment uncertainty is considerably larger than the seeing
of the HST image (and likely to be underestimated, since we
have a low number of sources from which to determine the
rms). Nevertheless, the 1-sigma uncertainty is directly over-
lying a source, which we consider the host galaxy. The coor-
dinates are in agreement with those used by Soderberg et al.
(2005), who took a late time spectrum of the GRB’s position
and found the host to be at z = 0.9364.
GRB 070521 was a dark burst with no robust opti-
cal/nIR afterglow detection. We made the host assignment
according to that in Perley et al. (2009), where the XRT
error circle is used. Similar to their deep K band data, we
find a single source (the putative host) within the XRT error
circle, on the eastern side.
For GRB 081121, we used UVOT imaging of the after-
glow. Unfortunately there are only a low number of common
sources between the UVOT and WFC3 imaging. Follow-
ing the procedure employed for GRB 051016B, we stacked
the early UVOT exposures in all filters to achieve a greater
depth. Our uncertainty for the astrometric position of the
burst in the HST image (which, as above, is likely to be
an underestimate since we have a low number of tie points)
overlaps with a single source, which we consider to be the
host galaxy. The next nearest source is ∼ 2.2 arcsec away.
3.2 Host radii and photometry
The extraction software SExtractor (Bertin & Arnouts
1996; v2.8.6) was used on the final drizzled, CTE-corrected
HST images to perform morphological and photometric
measurements of the GRB hosts. After applying a Gaus-
sian filter with a FWHM of 3 pixels, a S/N cut of 1 across
a minimum area of 5 pixels was used to identify objects in
the images. Visual inspection of the output segmentation
maps showed extraneous, spatially distinct, islands of pixels
were being associated with the host galaxies. A higher value
of the cleaning parameter was used to either remove these
from the final segmentation maps or assign them as a sep-
MNRAS 000, 1–23 (2016)
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arate object. Note for GRBs 060912A and 080605 the pres-
ence of a bright nearby galaxy and diffraction spikes due to
nearby bright stars respectively warranted aggressive clean-
ing and de-blending by SExtractor.6 For GRB 080319C,
a brighter foreground galaxy is superimposed, however the
SExtractor segmentation map distinguishes this as a sep-
arate object from the source (the adopted host) that is un-
derlying our chosen GRB position (Section 3.3). The output
SExtractor source catalogue for each host image was also
used to determine r20, r50 and r80 for each host – the radii
at which 20, 50 and 80 per cent of the host flux is enclosed,
respectively. The uncertainties in these quantities were esti-
mated by repeating measurements on different realisations
of the drizzled image: individual flt.fits images were re-
sampled based on the original pixel values and their uncer-
tainty (given by the [ERR] extension) before drizzling (as in
Section 2). This was repeated ∼few hundred times per burst.
Radii values are given as those based on the original driz-
zled images, with the uncertainty given by the 1σ limits of
the resampled distribution of values. Where the radius value
from the original drizzled image is outside these 1σ limits,
we quote that as the lower or upper value, as appropriate.
Observed absolute magnitudes of the hosts were
obtained using the apparent magnitude measurements
mag auto and the redshift of the burst (Table 1) – results
are presented in AB magnitudes for the observed wavelength
(i.e. ∼ 15400/[1+z] A˚) of the hosts using the STScI-provided
zeropoints in the image headers. Milky Way extinction was
accounted for using the dust maps of Schlafly & Finkbeiner
(2011).
3.3 GRB location offsets and pixel statistics
Knowledge of the location of a transient within the host can
be used to provide additional constraints on the progenitor
population. Here we determine three additional values for
those GRBs where we can localise the transient to sufficient
accuracy.
Firstly, we determine offsets of the GRBs by calculating
the separation between the afterglow centroid and the host
galaxy’s barycentre at the redshift of the GRB. The host
galaxy’s centre in this case is determined by SExtractor
as the barycentre of the pixel distribution (the parameters
x image and y image). Secondly, we calculate the offset
of the GRB from the brightest pixel in the SExtractor
filtered extraction image (i.e. after applying a 3 × 3 Gaus-
sian convolution, given by parameters xpeak image and
ypeak image). In the case of a smooth elliptical or even a
well-formed spiral, the position of the barycentre and bright-
est pixel of the galaxy should agree very well. However, in
the case of multiple cores, potentially merging systems and
generally asymmetrical profiles as is the case for a large frac-
tion of the LGRB hosts (Figs. 1 and 2), these two measures
can be significantly offset from each other. Calculation of
the GRB offset from its host’s barycentre and brightest pixel
6 For GRB 060912A the segmentation map still contains multi-
ple islands of pixels that appear distinct from the host, despite
employing aggressive cleaning and deblending – therefore the de-
termined ﬂux radii, and thus photometry, are likely to be aﬀected
for this host.
gives an estimate of how much the morphology of the hosts
impacts our resulting offset distributions.
The third method is a measure of the GRBs association
to the light distribution of their host, based on the flux of
the explosion site. Two independent means of measuring this
quantity were developed, the ‘fractional light’ method (Flight
hereafter, Fruchter et al. 2006) and the normalised cumu-
lative rank method (James & Anderson 2006). The Flight
method will be used here, which was developed and pre-
sented in Fruchter et al. (2006), but is repeated here in the
interest of completeness. All pixels in the segmentation map
output from running SExtractor (as in Section 3.2) that
are associated to the GRB host were sorted and cumula-
tively summed. This cumulative sum was then normalised
by the total sum of the pixels associated with the host. As
such, each pixel in the host now has a value between 0 and
1, where its value is equivalent to the fraction of host galaxy
flux below the level at that pixel. The pixel containing the
GRB location (determined as in Section 3.1) was found and
its value in the normalised cumulative sum gives the Flight
value for that GRB. In each case where we attempted an
accurate star-matched alignment, the uncertainties in the
afterglow position due to alignment and centroiding of the
afterglow (see Section 3.1) were added in quadrature to
give the total positional uncertainty (Table A2). These were
found to be less than the seeing of the HST images (FWHM
∼ 0.17 arcsec) – thus, given the observations are subject
to a seeing-induced smoothing above our determined posi-
tional uncertainties, no additional smoothing was required
(cf. Fruchter et al. 2006). Discussion of location uncertain-
ties and the Flight statistic is given in Appendix B. Briefly,
we consider an alternative measure of Flight incorporating
directly the uncertainties in the location. Since our align-
ment uncertainties are relatively small for the bursts where
we determine Flight, we find similar results for the Flight
distribution of our sample based on the single pixel choice
detailed above. For this study we use the method described
above in order to facilitate comparison to previous works.
We do not consider GRBs 051016B, 070521 and 081121
when calculating offsets and Flight values since we could not
determine their positions to sufficient accuracy so as to make
results meaningful, although they are included when looking
at overall host galaxy properties.
4 RESULTS
Tables A1 and A2 contain the results determined from our
investigations following the methods above, which are pre-
sented in the following sections.
4.1 Host assignment
Inferring results on the hosts and explosion locations of
LGRBs is naturally contingent on making the correct host
assignment for each burst. The increasing rapid response
of follow up observations and improved localisation of high
energy alerts over recent years has worked to minimise the
contamination in host galaxy studies due to unassociated
line-of-sight galaxies by accurately pin-pointing the location.
Our host assignments where accurate astrometry be-
tween the afterglow and HST images could not be performed
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are detailed in Section 3.1. Here we use the formalism of
BKD02 (see also discussion in Perley et al. 2009) to quan-
tify the potential that we have spurious host associations.
Specifically, Pi,ch, the probability that in a random sky circle
with an effective radius ri there will be ≥1 galaxies brighter
than magnitude mi is given by
Pi,ch = 1− exp(piri
2σ≤mi), (1)
where σ≤mi is the average surface density of galaxies
brighter than mi. In contrast to BKD02, where this value is
parameterised based on R-band galaxy counts, we estimate
this based on galaxy counts in a similar band to our ob-
servations. We use the results of Metcalfe et al. (2006) who
provide galaxy counts inH-band, which extend to faint mag-
nitudes in F160W using Hubble Deep Field data.
Pch values for our hosts are given in Table A1. For most
hosts where we perform an accurate alignment, we can be
confident in our host assignments since the probability of
observing an unrelated underlying galaxy for these locali-
sations is generally of order 0.1–1 percent. Again following
BKD02, we use a Poisson binomial distribution to estimate
the contamination of spurious host assignments in our sam-
ple. The probabilities are 0.754, 0.218, 0.026, 0.002 for zero
to three spurious assignments, respectively. This indicates
we have < 3 spurious assignments, with ∼ 0− 1 most likely,
thus not undermining our statistical results for the host sam-
ple.7
4.2 Undetected hosts
For five bursts we do not detect any underlying host with our
original SExtractor-based source selection criteria in the
WFC3 imaging. The sky locations of these bursts are shown
in Fig. 4 and we here discuss their immediate environments.
GRBs 071031 and 080710 appear on a blank regions
of sky with no obvious potential hosts nearby. For GRB
080603B a pair of (possibly interacting) galaxies are located
NE of the GRB. The separation between this system and
the GRB is ∼ 2.2 arcsec, much larger than our estimated
astrometic uncertainty on the GRB’s position of ∼ 80 mas.
The distance of this system is ∼ 16.7 kpc at the redshift of
the burst – this offset is much larger than the offset deter-
mined for any other burst in this sample or previously (e.g.
BKD02; F06; S10), thus discrediting this system as the host
of GRB 080603B.
GRB 080928 appears reasonably close to two bright,
overlapping galaxies. Rossi et al. (2011) presented an in-
vestigation into the potential for either of the two nearby
galaxies to be the host of the GRB 080928, with G2 here
being clearly detected as a separate galaxy as oppose to a
diffuse feature of G1, which, as the authors state, wasn’t
obvious from their ground-based observations. Fynbo et al.
(2009) give an absorption-line redshift of z = 1.6919 for the
7 We note this approach treats the potential contaminant galax-
ies as point sources, whereas in reality they are extended and thus
the ri search radius should include some measure of the extent of
the galaxies at the magnitude of interest. This is unlikely to af-
fect our results greatly since when searching for bright, extended
hosts, where the correction is greatest, they have a very low sur-
face number density and when searching for the higher surface
number density fainter hosts, they appear more point-like.
burst. At this redshift, we find the centres of G1 and G2
are ∼21.5 and 16.8 kpc away from the GRB, respectively –
in agreement with Rossi et al. (2011). Similar to the case of
GRB 080603B, these offsets are much larger than for any
other LGRB, very strongly disfavouring either as the host.
Rossi et al. (2011) also have difficulty in modelling the SED
of either galaxy at z = 1.6919. G2 is well fit by an irregular
galaxy at z = 0.736, the redshift of an intervening absorption
system seen in the spectra of Fynbo et al. (2009), indicating
this could be the system responsible.
For GRB 081008, photometry is complicated by the
diffraction spike of a nearby bright star. The sources of
flux near our astrometric afterglow location cannot be confi-
dently distinguished as coming from a putative host galaxy
or the bright star, and do not constitute significant detec-
tions in any case, due to the higher background noise.
We performed simple aperture photometry at the
adopted location of the GRBs using 0.4 arcsec radius aper-
tures, with sky determination made using an annulus aper-
ture, and the appropriate F160W zeropoint8. This resulted
in the ∼ 4σ detection at the location of GRB 080710; al-
though we cannot perform our morphological and explosion
site analysis for the host, we include this measurement in
our discussion of GRB host luminosities. For the other four,
the following 3σ magnitude limits for the GRB hosts were
found9:
GRB Host magnitude (AB mag)
mF160W MF160W/(1+z)
071031 >27.08 > −18.15
080603B >27.13 > −18.09
080710 26.02±0.26 −16.87 ± 0.26
080928 >26.85 > −17.49
081008 >26.88 > −17.75
Absolute magnitudes are given for the observed wave-
length (λcen = 15400/(1+z) A˚). These limits are within the
observed magnitude distribution, albeit at the faint end (as
expect given our deep imaging and redshift cut), and thus
cannot be considered a separate population of extremely
faint hosts with our current observations.
Despite a non-detection with HST10, within the lit-
erature we find a detection of the host of GRB 071031
in Lyα (F (Lyα) = 23.6 ± 2.7 × 10−18 erg cm−2 s−1)
by Milvang-Jensen et al. (2012) based on the spectrum of
Fynbo et al. (2009), with Kann et al. (2010) finding that
the afterglow did not suffer any significant extinction due
to dust. We redrizzled this image with a coarser resolution
of 0.26 arcsec/pixel to attempt to detect any lower surface
brightness sources, however our detection routine did not
find a nearby source in this case either. Using the relation
between L(Lyα) and SFR (Milvang-Jensen et al. 2012), the
detection implies a SFR of 1.3 M⊙ yr
−1 (neglecting any im-
pact from dust attenuation). The location of GRB071031
has been observed by Spitzer-IRAC at 3.6µm. Following
the procedure described in Perley et al. (2016b) we find
m3.6µm > 24.63 mag (AB) and estimate a corresponding
8 http://www.stsci.edu/hst/wfc3/phot_zp_lbn
9 These limits were not aﬀected signiﬁcantly when calculations
were repeated over our typical alignment uncertainty.
10 A non-detection underlying the GRB explosion site was inde-
pendently made by BBF16 using the same observations.
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host galaxy mass limit of log(Mstar) < 9.6 M⊙. The limit
on the specific SFR is therefore > 0.33 Gyr−1, this is not
stringent enough to mark the host as exceptional amongst
LGRB hosts (e.g. S10). Using the mean UV−B = 1.22 mag
colour for star-forming galaxies at z = 2− 3 (Shapley et al.
2005, see Chen et al. 2009) to make an estimate of the con-
tinuum level, our ∼B-band rest-frame observation with HST
implies a limit of > 67.8 A˚ for the equivalent width of Lyα.
We note this is of course quite uncertain due to the unknown
true spectral shape.
The host of GRB 081008 was suggested to have been
detected in a Gemini/GMOS-S r-band acquisition image
(Cucchiara et al. 2008b), located 2.1 arcsec from the optical
afterglow and at mr = 20.8±0.1. This object was within the
slit used for spectroscopic observations of the optical after-
glow and was determined to contain multiple metal absorp-
tion features at a common redshift of z = 1.967, the same as
that of the GRB. The authors note that, if this was the host,
it would be one of the brightest LGRB hosts seen. Further-
more, the associated projected offset of 16.8 kpc would be
double that seen for any other LGRB (e.g. BKD02, Fig. 8).
After astrometrically aligning the acquisition image with our
HST image, we determine the suggested host, labelled ‘S1’
in Fig. 4. This object is not extended and probably stellar in
nature. We attempted to reveal any potential extended com-
ponent by rotating the HST image about this source, and
then subtracting the rotated image from the original, but
found no evidence for any extended component. The galaxy
located to the south of the afterglow position (labelled ‘G1’)
is at a similar angular distance but is not detected in the
acquisition image. Nevertheless, there is no detected stellar
population component from either of these sources extend-
ing to the location of the afterglow and the source-afterglow
offsets are much larger than seen for any other LGRB, dis-
crediting either as the host, notwithstanding the probable
stellar nature of one of them.
4.3 LGRB Host properties
4.3.1 Luminosities
The observed luminosities of the LGRB sample are shown
in Fig. 5 alongside those of the GOODS-MUSIC comparison
sample of field galaxies over the same redshift range. In or-
der to facilitate a comparison to the GOODS-MUSIC sample
we also remove those host detections fainter than the limit
of the GOODS-MUSIC survey (mH = 24 mag, assuming a
conservative H −K = 0.2 mag, Glass 1984). As the progen-
itors of LGRBs are expected to be massive stars, the chance
of a galaxy to host a LGRB can be expected to be propor-
tional to its SFR. We thus plot the GOODS-MUSIC sam-
ple with markers corresponding to their SFRs determined in
Santini et al. (2009).11 From Fig. 5 it is clear the LGRB host
population is not representative of the field galaxy popula-
tion weighted by their SFR, and therefore that our sample of
LGRBs are not unbiasedly following the distribution of star
formation. We find that all 22 LGRB hosts within the survey
11 SFRs were determined using two indicators: SED ﬁtting, and
the mid IR ﬂux. We present results based on comparison to the
SED ﬁtting technique but note the choice of SFR indicator has
minimal impact on quoted signiﬁcances.
limits of the GOODS-MUSIC sample are below the average
SFR-weighted luminosity of the field galaxy population at
that redshift (although we note that for the lowest redshift
events, at z < 0.5, the small surveyed volume is hampering
field galaxy numbers). Luminous galaxies (M <∼ − 22 mag)
are not present in our LGRB host population, although such
galaxies can be host to dark-GRBs (Perley et al. 2016b, Sec-
tion 5.1).
4.3.2 Sizes
Resolved imaging allows us to probe the physical size of the
host galaxies. Median values of enclosed-flux radii for the
hosts (and GRB host-offsets, presented in Section 4.4.1) are
given in Table 2, alongside those of our comparison sam-
ples.12
Our r50 distribution was found to be in good agreement
with ones based on imaging in rest-frame UV (BKD02) and
a UV-optical-NIR amalgamation (BBF16). However, we find
our r80 distribution to be shifted to larger values in compar-
ison to the sample of F06 and S10 (Fig. 6). r80 values were
determined in F06 and S10 using the same SExtractor
detection method as employed here. The medians are dis-
crepant at the 3σ level, with an Anderson-Darling (AD) test
giving p = 0.003 that the two samples are drawn from the
same parent population. Despite the samples being over the
same z < 3 redshift range, we unfortunately only have one
host in common between the samples, GRB 060218. This
burst was in an extremely low redshift host and atypical
of the samples. For this host we find r80 = 0.65 kpc com-
pared to the value from S10 (corrected to our cosmology)
of 0.53 kpc. This is not a particularly striking difference,
albeit in the same direction as our overall discrepancy be-
tween the samples. Measurements in the F06 and S10 sample
were predominantly made on STIS/CLEAR, supplemented
with ACS observations, therefore most of the flux is from
observed blue-visual light – i.e. rest-frame UV. In contrast,
our WFC3/F160W observations probe down only to visual
wavelengths even for the most distant members of the sam-
ple, with more typical rest-frame wavelengths being around
red-optical to NIR. A more extended distribution of r80 val-
ues is similar to the findings of BBF16, who noted their r80
distribution was shifted to higher values in general, com-
pared to that of S10. Our distribution of r80 is in good
agreement with that of BBF16, who used an amalgamation
of optical and NIR observations. We again note significant
overlap with the sample of BBF16, and as such this agree-
ment is expected given the similar analysis used to determine
the host sizes, but also serves to verify these findings on the
sizes of LGRB hosts.
4.3.3 Morphologies
For those bursts where we detect a host, a wide variety of
morphologies are seen – SExtractor segmentation maps of
the hosts are plotted in Figs. 1 and 2. Some exhibit smooth
12 Uncertainties on median quantities were determined through
bootstrapping of each sample. Within the large number of real-
isations, we remove a fraction of entries for each value given by
Pi,ch to account for the conﬁdence of each host association.
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G1
G2
S1
G1
Figure 4. Inverted stamps at the location of the GRBs in our sample for which no host was detected by our SExtractor detection
criteria at the location of the afterglow. We note that a ∼ 4σ detection of ﬂux was made underlying GRB 080710. Each stamp is 5 arcsec
on a side with the orientation and linear scale at the redshift of the GRB indicated. The dashed red circle on each plot is centred on the
location of the afterglow.
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Figure 5. The redshift distribution of F160W (∼H-band) observed absolute magnitudes for the LGRB hosts in this study and a sample
of galaxies from the GOODS-MUSIC survey (Santini et al. 2009, see text). The black dotted line indicates m = 24 mag, roughly the
90 per cent completeness limit of GOODS-MUSIC. LGRB detections fainter than this depth are show as open symbols, with arrows
indicating non-detections. GOODS-MUSIC marker sizes are weighted by their SFR. A moving SFR-weighted absolute magnitude average
for the GOODS-MUSIC sample is shown by the dashed line.
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Table 2. Median properties of the hosts and oﬀsets of LGRBs
Quantity This Study Literature
BKD02 S10 BBF16
r50 1.7± 0.2 kpc 1.5± 0.5 kpc — 1.8± 0.1 kpc
r80 3.1± 0.4 kpc — 2.2± 0.3 kpc ∼ 3 kpc
Oﬀset (centre) 1.0± 0.2 kpc 1.4± 0.8 kpc — 1.3± 0.2 kpc
Oﬀset (centre)/r50 0.6± 0.1 0.8± 0.3 — 0.7± 0.2
Oﬀset (brightest pixel) 0.8± 0.2 kpc — — —
100 101
r80 [kpc]
0.0
0.2
0.4
0.6
0.8
1.0
C
u
m
u
la
ti
ve
F
ra
ct
io
n
F06 & S10
This study
Figure 6. The cumulative distribution of r80 for GRB hosts
in this study and the combined sample of F06 and S10 (z <
3). The data of F06 and S10 were taken predominantly using
STIS/CLEAR or ACS observations and observed wavelengths in
the blue–visual. The rest-frame wavelengths of these observations
are sensitive to much shorter wavelengths than the F160W obser-
vations presented in this study, which is a potential explanation
for the diﬀerence observed (see text).
disk profiles (e.g. GRBs 060218, 090418A) with many show-
ing lower surface brightness, extended features that may be
the signatures of recent disturbance of the host (e.g. GRBs
060614, 080707). A number display very asymmetric or even
multiple cores within the light distribution (∼ 11/34). How-
ever, a caveat to consider for morphologies determined from
imaging alone is the prospect of chance alignment being re-
sponsible for producing multiple cores/clumps (e.g. as was
the case for GRB 060814, Jakobsson et al. 2012). Our ob-
servations are in good agreement with the findings of both
Wainwright et al. (2007), who found 30 per cent of their
GRB host sample exhibit signatures of irregular or asym-
metric structure, and Conselice et al. (2005b), who found a
diverse spread of morphological types for GRB hosts over
similar redshift ranges.
In order to study the host morphologies, we measure
the concentration and asymmetry of the hosts following the
work of Kent (1985); Bershady et al. (2000); Conselice et al.
(2000). Concentration, C, uses the flux radii determined as
above and is given by C = 5 log10(r80/r20). Larger values
of C mean the light of the host is dominated by a com-
pact central region, such as in elliptical galaxies, whereas
spiral galaxies tend to have a larger fraction of their flux
in their extended profile. Asymmetry, A, is determined by
rotating the image about the host’s centre, subtracting this
rotated image from the original and analysing the absolute
size of the residual. A is parametrised in the range 0 to 1
and it’s calculation is extensively detailed in Conselice et al.
(2000, 2005b). In the idealised case, a smooth, axisymmetric
galaxy profile would return A = 0. For spiral galaxies, with
extended patchy emission, and merging or disturbed sys-
tems, A increases. These broad morphological distinctions
between galaxy types can be used as a guide for the underly-
ing population of our LGRB sample. We follow the methods
of previous works in the calculation of these quantities with
2 small alterations: we use Monte Carlo to determine the
location of the centre for the asymmetry rotation and use
resampled realisations of the HST images to determine the
uncertainty in C in the same manner as for the enclosed flux
radii (see Section 3.2). Concentration and asymmetry values
for individual hosts are given in Table A1 and we plot them
in Fig. 7 along with the morphological grouping borders of
Conselice et al. (2005b) based on low redshift populations
with visual classifications, with the ‘Spirals’ region also be-
ing where irregular galaxies are typically located (Conselice
2003; Conselice et al. 2005b).
The population is dominated by galaxies in similar re-
gion of this parameter space to spiral galaxies, with a small
number being close to or just inside the regions defined by
ellipticals and mergers. However, the assignment of mor-
phological types based on the CA parameter space is com-
plicated. Morphological definitions and the inferred proper-
ties of the hosts based on these morphologies (e.g. elliptical
galaxies dominated by old, passive stellar populations) are
appropriate for field galaxy populations at low redshift. At
higher redshifts (z>∼ 1) there is a drop in normal Hubble
types of galaxies, in favour of peculiar and irregular types
(Abraham et al. 1996; Brinchmann et al. 1998), which, for
example, can be found at a wide range of asymmetries (al-
beit more typically at higher values Conselice et al. 2005a).
Furthermore, even for low-redshift galaxies where a visual
morphology can be assigned, different morphologies are not
cleanly distinguished in the CA parameter space. Regions,
particular near borders, are comprised of composite pop-
ulations when looking at large numbers of field galaxies
(Conselice et al. 2005b). These issues make it difficult to
confidently assign a morphology for individual hosts based
on the CA parameter alone. As such, these regions are shown
as indicators of the distribution of more well-known galaxy
types and we mainly use the CA parameter space to in-
vestigate changes within the LGRB host population in this
parameters with redshift.
The markers in Fig. 7 are colour coded by redshift,
which upon visual inspection indicates higher redshift events
(z > 1.5) appear less concentrated than the lower redshift
events. A number of effects are to be considered here, how-
ever: the shift in rest-frame wavelength of the observations in
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the high- and low-redshift regimes, the changing resolution
and brightness of the detections with distance, and, thirdly,
evolution of the underlying galaxy population over cosmic
time. This is further discussed in Section 5.1.
4.4 GRB explosion sites
4.4.1 Offsets
The host-offset distribution for transients can be a powerful
diagnostic to their origin. The median LGRB offset of the
BKD02 sample used here is 1.4±0.8 kpc (recalculated using
the cosmology of this paper), with 1.3±0.2 kpc found for the
sample of BBF16. These values are in good agreement with
1.0± 0.2 kpc determined for our sample (Table 2). Further-
more, when considering the distributions of the offsets, we
find excellent agreement with those of BKD02 and BBF16,
as shown in Fig. 8. Although values for the different sam-
ples were found with different filter observations, since the
barycentre of a galaxy remains reasonably stable across the
UV to IR, this good agreement is expected. The brightest
pixel offset distribution for our GRB sample is in very good
agreement with our host barycentre offsets, indicating the
choice of host centering method, and typical offset uncer-
tainties, has little impact on our results.
The GRB offsets can also be expressed normalised to
measurements of their host galaxy. The GRB offsets nor-
malised by r50 are shown in Fig. 9, and we again note simi-
larity with the corresponding distributions of the other stud-
ies. There appears to be some indication that our values do
not extend to the higher values found by these studies but
the distributions as a whole are statistically indistinguish-
able. We find the median r50-normalised offset is 0.6 ± 0.1,
again in good agreement with 0.8± 0.3 and 0.7± 0.2 found
by BKD02 and BBF16, respectively.
4.4.2 Flight analysis
A visual representation of the Flight analysis for the GRBs
where the analysis was performed is given in Fig. 1. Pixels
used for the Flight calculation (those deemed by SExtrac-
tor to belong to the host) are highlighted on a colour scale
showing each pixel’s Flight value, with the pixel used for the
Flight of each GRB indicated by a black star. Visual inspec-
tion shows a bias for the GRB locations being coincident
with high Flight values. Even when the GRB has a notice-
able offset from the bulk of the light of its host (i.e. where
high value Flight pixels are located), it is often seen that the
GRB’s location is overlaid on or next to a bright knot of
galaxy light – this is particularly evident for GRBs 050824,
060912A and 080520. In Fig. 10, the cumulative distribution
of the Flight values for the GRBs is plotted, confirming that
LGRBs preferentially explode on brighter regions of their
hosts. In comparison, we plot the Flight analysis of S10 where
the rest-frame wavelength of observations is UV and the de-
gree of association found is similar. Conversely, the analy-
sis of BBF16 found a somewhat lower degree of association
between LGRBs and the brightest regions of their hosts.13
Our distribution is formally consistent with both the S10
and BBF16 distributions. Further discussion of Flight can
be found in Section 5.2 and we directly compare our Flight
results for overlapping events with BBF16 in Appendix B.
Given the large redshift range of the GRBs in the sam-
ple, observations in a single wavelength band will detect var-
ious regimes of rest-frame light from the hosts. Using a cut
at z = 1 to form low- and high-redshift samples of roughly
equal size, the events are observed in rest-frame red–NIR
wavelengths (> 7800 A˚) and visual (∼ 4000–7500 A˚) respec-
tively. When plotting the cumulative Flight distributions for
each sample (Fig. 11) the high-redshift events have, in gen-
eral, higher Flight values than the low-redshift events, with
the AD test giving p = 0.03 that the two samples are drawn
from the same parent population.
5 DISCUSSION
We have presented a sample of 39 LGRB locations imaged
usingWFC/IR on HST in F160W. A search for the hosts was
performed using astrometric ties from ground-based data of
the GRB afterglows. Photometric, morphological and ex-
plosion site diagnostics have been determined in the case
of a host detection. Five of the LGRBs have undetected
hosts in our imaging, with no convincing nearby detections.
Our detection limits, however, appear consistent with the
detected luminosity distribution, without having to invoke
a population of very low-luminosity hosts to explain these
non-detections.
5.1 LGRB Host Galaxies
Our sample of LGRB host galaxies is fainter than a distribu-
tion expected from a field galaxy population if the LGRBs
are taken to unbiasedly trace star formation. These results
are in agreement with the findings of Vergani et al. (2015),
where LGRB hosts at z < 1 were observed in the K-band.
Although our sample extends to more distant sources than
the sample of Vergani et al. (2015), the rest-frame wave-
lengths of our observations remain >∼ 4000 A˚. We can then
similarly use the luminosities as proxies for mass, infer-
ring that the stellar masses of LGRB hosts are inconsis-
tent with the SFR-weighted masses of field galaxies up to
z ∼ 2. The comparison at z = 2 − 3 is hampered by the
completeness of the completeness limit of the comparison
sample (Fig. 5). Nevertheless, our detections and limits for
LGRB hosts in this redshift range are of comparable lumi-
nosities to our lower redshift sample and we find no hosts
with M < −22 mag in our full sample. The spectroscopic
redshift restriction on our sample, however, disfavours the
inclusion of optically-dark LGRBs. For these dark bursts
the afterglow is subject to significant dust attenuation and
is thus not detected, whereas the majority of redshifts for
this sample were determined from afterglow features. Using
13 Note, we only include Flight values from BBF16 where the
location was determined to suﬃcient accuracy, following the au-
thors’ criterion – i.e. that the area of the location uncertainty
circle is ≤ 0.1× galaxy area.
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Figure 7. The morphology of the LGRB hosts parameterised by their concentration and asymmetry (see Conselice et al. 2005b, and
references therein). Regions that separate diﬀerent galaxy classes are plotted using the deﬁnitions in Conselice et al. (2005b) – these are
based on visual inspection of low-redshift galaxies. The majority of hosts appear similar to spiral-like galaxies in this parameter space,
with a small number appearing in the region of merger-like and elliptical-like. However, these strictly deﬁned borders are in reality a
simpliﬁed representation of the parameter space even for low-redshift samples, and the CA parameter space does not fully encapsulate
the morphology of a galaxy. As such individual hosts cannot be conﬁdently assigned a Hubble type morphology, which are in any case
more appropriate for low-redshift galaxies, based on this analysis alone. Markers are colour coded by redshift.
the definition of Jakobsson et al. (2004), our sample com-
prises only ∼ 10 per cent dark bursts. In contrast, it is es-
timated that overall 25 − 40 per cent of LGRBs are dark
bursts (Fynbo et al. 2009; Greiner et al. 2011). The host
galaxies of dark bursts appear distinct from their optically
bright counterparts at similar redshifts (e.g Kru¨hler et al.
2011; Perley et al. 2013). There appears to be a significant
preference for LGRBs to explode in fainter galaxies up to
z ∼ 1.5, while the inclusion of dark LGRB hosts at higher
redshifts improves the consistency between the LGRB host
population and the SFR-weighted field galaxy population
(Perley et al. 2013, 2016b).
The small physical sizes of LGRB hosts has been
suggested in the literature (e.g. S10), indicating they are
comparable to the intriguing hosts of super-luminous SNe
(Lunnan et al. 2015; Angus et al. 2016). This previous de-
termination of the r80 distribution was made using rest-
frame UV imaging. Although we find good agreement with
other works in the r50 distribution of LGRB hosts (from
BKD02; BBF16), our r80 distribution is larger than that
of S10 (Fig. 6). The combination of bluer filters and smaller
pixel sizes is likely to mean that the surface brightness limits
of the rest-frame UV data are somewhat bright, potentially
accounting for some of this discrepancy. Conversely, a vi-
sual inspection of our r80 distribution and that of BBF16
shows we are in good agreement, thus supporting their ar-
gument that LGRB hosts are in fact intermediate between
SLSN hosts and CCSNe hosts, and not as compact as previ-
ously thought based on smaller samples of solely rest-frame
UV observations. For comparison to the median LGRB host
r50 values in Table 2, Paulino-Afonso et al. (2016) looked
at a sample of low mass (9 < log10M⋆/M⊙ < 10) Hα-
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Figure 8. The cumulative distribution of host galaxy barycentre
oﬀsets for GRBs in this study and those of BKD02 and BBF16
(z < 3), which were recalculated using the cosmology adopted
in this paper. We also plot the distribution of GRB oﬀsets from
their host’s brightest pixel for our sample.
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Figure 9. The cumulative distribution of host-normalised oﬀsets
for GRBs in this study and those of BKD02 and BBF16 (z < 3).
We also plot the distribution of normalised GRB oﬀsets from their
host’s brightest pixel for our sample.
selected galaxies and found the median r50 values of to be
2 − 4 kpc for z = 0.4 − 2.23, increasing up to 3 − 5 kpc
at z ∼ 0. Although we find that LGRB hosts are somewhat
larger in comparison to other transient hosts than previously
thought, we confirm the centrally concentrated distribution
of galactocentric offsets of LGRBs (BKD02; BBF16), being
smaller than that of CCSNe (e.g. Anderson & James 2009;
Prieto et al. 2008; Svensson et al. 2010) and comparable to
super-luminous SNe (Lunnan et al. 2015).
The morphological diversity of LGRB hosts, specifically
the abundance of irregular or disturbed hosts is well estab-
lished (e.g. Conselice et al. 2005b; Wainwright et al. 2007).
Around a third of the sample presented here appear to show
some degree of asymmetry or multiple cores, and most dis-
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Figure 10. The cumulative distribution of Flight values for GRB
hosts in this study and the combined sample of F06 and S10, and
that of BBF16 (z < 3). Observations for this study are exclusively
in F160W. Those of F06 and S10 were made in optical ﬁlters, with
BBF16 comprised of both optical and NIR.
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Figure 11. The cumulative distribution of Flight values for
GRBs, split by redshift. The redshift split corresponds approx-
imately to splitting the observations at rest-frame wavelength
∼7800A˚.
play extended, low surface-brightness features. NIR imaging
allows us to probe redder wavelengths of light, which trace
more of the stellar mass of the hosts and are less skewed
by ongoing star-formation regions. Such features as we see
here therefore better approximate true morphological fea-
tures of the mass distribution in the hosts. When consider-
ing asymmetry (A) and concentration (C) measures of the
hosts in order to compare to morphological types, the pop-
ulation is shown to be comprised mainly of spiral-like and
irregular-like galaxies but with some fraction of elliptical-like
and merging systems. Only a small number appear on the
border of merging systems, despite a considerable fraction of
them being visually disturbed (Figs. 1 and 2). As noted in
Conselice et al. (2005b), the CA parametrisation does not
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capture all phases of merger activity, and these may be in
the post-merger stage. We also find a number of hosts on
the border region between ellipticals and spirals. The distri-
bution of GRB hosts in the CA parameter space is broadly
similar to that found by Conselice et al. (2005b), where ob-
servations of GRB hosts over a similar redshift range were
made in optical wavelengths (i.e. rest-frame blue-optical and
UV). However, these authors found the population of GRB
hosts extended to high concentration (around a quarter hav-
ing C >∼ 3.5), whereas we find no such highly concentrated
hosts from this sample. It was suggested that nuclear star-
bursts, likely to be prevalent amongst the strongly star-
forming hosts of GRBs, could be acting to mimic the highly
concentrated nature of elliptical galaxies. Our lack of highly
concentrated hosts may then be attributed to the fact we are
observing the hosts at longer rest-frame wavelengths, such
that the contribution of a nuclear star-burst to the over-
all light profile is relatively less (as opposed to rest-frame
UV imaging). The results of our CA investigation here con-
firm the varied nature of GRB host morphologies found by
Conselice et al. (2005b).
As noted in Section 4.3.3, a visual inspection of the
LGRB hosts in the CA parameters space suggests higher
redshift events appear distinct from the lower redshift sam-
ple in concentration of their hosts, perhaps indicative of
galaxy evolution (see Fig. 7). However, this observation is
complicated by the rest-frame wavelength of the observa-
tions also changing significantly. Although galaxies are ex-
pected to have relatively stable morphology from the optical
to NIR (Taylor-Mager et al. 2007; Conselice et al. 2011), we
can test the evolution of C independent of band-shifting ef-
fects by using the results of Conselice et al. (2005b). These
authors calculated C and A values for a sample of GRBs
based on HST imaging in optical filters, with the typi-
cal observed wavelength centred at ∼ 6000 A˚. We make
a cut at z = 1 of their sample to obtain C and A val-
ues for LGRB hosts in the optical regime. By taking a
z > 1.5 sub-sample from this study, we then also have op-
tical (∼ 4000 − 6000 A˚) measures of C and A for a sample
LGRB hosts but at higher redshift. These two samples are
plotted in Fig. 12. The distribution of asymmetry values are
similar between the two samples. There appears evidence of
a separation between high- and low-redshift events in con-
centration (p = 0.03); the median concentration of the low
redshift sample of Conselice et al. (2005b) is comparable to
the largest of our z > 1.5 sample. The marker areas are pro-
portional to the optical luminosities of the hosts, showing
evolution of the typical host from a relatively luminous, dif-
fuse spiral-like at higher redshifts to less luminous, compact
knots at lower redshifts. This is consistent with the cosmic
downsizing of star formation (Cowie et al. 1996), particu-
larly low-metallicity star-formation if LGRBs are subject to
a metallicity bias or cut-off (see also Perley et al. 2016b, and
references therein).
5.2 LGRB explosion sites
When investigating the locations of the LGRBs within their
hosts F160W light distribution, we find a strong association
to the brightest pixels, with ∼ 50 per cent of LGRBs explod-
ing on the brightest 20 per cent of their hosts (Fig. 10), in
agreement with the findings of F06 and S10. BBF16, how-
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Figure 12. As for Fig. 7, but here we only plot events at
1.5 < z < 3.0 from our sample. A z < 1 sub-sample from
Conselice et al. (2005b) is shown by grey markers. Due to the
diﬀerent observed wavelength ﬁlters used in each sample, both
correspond to roughly optical rest-frame observations. Marker ar-
eas indicate the relative optical luminosities of the galaxies.
ever, found a somewhat lower degree of association and, in
particular, investigated this association in comparison to the
offset of the bursts. When considering those bursts that have
a galactocentric offset > 0.5 × r50, it was found that the
Flight distribution lies close to a uniform distribution – i.e.
that these larger offset bursts have no preference for brighter
regions of their hosts. For the low offset sample they found
these have exclusively large Flight values.
However, the imposition of a threshold on the LGRB
offset means that the Flight values cannot be used in their
raw form, since there are now only certain (i.e. outer or in-
ner) regions of the host where an LGRB can explode to be
a member of the respective samples, by definition. Further-
more, since the barycentre of the host is likely to be spa-
tially coincident with the brightest regions of the host, the
exclusion of LGRBs close to this location naturally restricts
the presence of large Flight values in their distribution, ar-
tificially weighting them towards lower values. Conversely,
when considering only small offset bursts, almost any loca-
tion within 0.5 × r50 of the host centre has a large Flight
value, weighting these bursts to higher values. This is un-
surprisingly what was found by BBF16 when using the Flight
values in their raw form. When imposing cuts on the loca-
tions of LGRBs, one must also make the same cuts on the
light distribution of the host. This is in order to correctly de-
termine the Flight value for the LGRB considering only the
flux from regions where the LGRB is permitted to explode
in order to make it into the sample.
To address this, we recalculate the Flight values for our
offset > 0.5 × r50 bursts after excluding a circular region
with radius 0.5 × r50 that is centred on the host barycen-
tre.14 These new Flight values are then a measure of the
14 The masking was done with whole pixels, where a pixel was
excluded if its centre was < 0.5× r50 from the barycentre of the
host.
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degree of association that the LGRBs have with the light in
the outer regions of their hosts, which is the quantity needed
to address the argument in BBF16. Our results and a rep-
resentation of the method is shown in Fig. 13. We find, as
expected, that after accounting for the removal of the inner
regions, our Flight distribution becomes more weighted to
higher values. Indeed we find inconsistency (p ∼ 8 × 10−4)
with the uniform distribution – the case that LGRBs linearly
trace the underlying light of their hosts – confirming that
larger offset LGRBs preferentially explode on brighter outer
regions of their hosts. Our raw distribution based on the en-
tire pixel distribution of the hosts also appears weighted to
higher Flight values than the uniform distribution at lower
significance, as opposed to the almost uniform distribution
found by BBF16. We perform a direct comparison of Flight
results for the overlapping sample between this study and
BBF16 in Appendix B, and discuss potential factors that
may contribute to this discrepancy. To further investigate
the Flight distribution of LGRBs we have calculated values
based only on the light distribution of pixels at the same off-
set as the LGRB (Fig. 14). This gives a direct handle on the
association of an LGRB to the morphological features of its
host that exist at the same offset. Similar to the whole Flight
maps (Fig. 10) and the cut-outs (Fig. 13), we find LGRBs
preferentially explode on the brighter regions of their hosts
that are at a similar offset to the LGRB, for any given offset
(inconsistent with a uniform distribution at p ∼ 6 × 10−5).
This result remains when excluding those LGRBs for which
the ‘ring’ pixel distribution is less than 10 pixels, where sig-
nificant discretisation of the Flight statistic will occur.
This strong association shows that LGRBs preferen-
tially occur on bright regions even when significantly offset,
as expected if LGRBs arise from very massive stars (e.g.
Fruchter et al. 2006). We note that we use a single radius
and that inclination is not accounted for in both prescrip-
tions described above. As such, positions at the same ap-
parent offset from the hosts’ centres will represent a spread
of intrinsic, deprojected distances. This should not induce a
systematic effect in the absence of a preferred orientation of
the hosts.
Splitting our Flight distribution at z = 1, we find
marginal evidence (p = 0.03) that the low redshift sample
is less associated to their host galaxies’ light distributions
than the high redshift sample (Fig. 11). This would indicate
a higher degree of association with relatively younger stel-
lar populations (since the rest-frame wavelength is bluer for
the high-redshift sample) rather than with the mass distri-
bution of their hosts (more appropriately traced by redder
wavelengths, i.e. for our observations of the z < 1 sample).
A caveat to consider is that when splitting by distance, in-
dividual pixels are probing different physical scales of the
hosts. However, aside from the three very low redshift events
(GRBs 060218, 060505 and 060614), the extrema of the an-
gular scales are 5.77 (z = 0.4903) and 8.10 (z = 1.608)
kpc arcsec−1, meaning there is only a modest change in the
linear pixel size over the majority of the redshift range. Af-
ter excluding the three very low redshift GRBs, the AD test
gives p = 0.06 and we cannot thus conclusively state the two
populations of our sample differ significantly. The effects of
resolution and depth of imaging on such ranked pixel-based
statistics are discussed in Kangas et al. (2016) for more local
galaxies.
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Figure 13. Top: An example Flight heatmap from Fig. 1 shown
including (left) and excluding (right) a cut-out of radius 0.5×r50
(appearing as black) centred on the host. Markers have the same
meaning as Fig. 1. Bottom: Cumulative distribution of Flight cal-
culated only for bursts with oﬀsets > 0.5×r50 when including the
whole map and after cutting out the central regions, also shown
is the distribution of BBF16. We ﬁnd LGRBs at large oﬀsets
trace the brighter regions of their hosts, following the behaviour
seen for the entire sample (Fig. 10), this eﬀect becomes more pro-
nounced when accounting for the oﬀset threshold of the LGRBs
by applying a cut-out to the heatmap.
For one of our sample, GRB 060729, an extremely long
lasting X-ray afterglow was found. It was suggested by
Grupe et al. (2010) that the progenitor must be in a low
density environment to explain this long-lived emission. In-
deed, we find that the location of GRB 060729 is located on
the outskirts of its host, in a faint region – Flight = 0.11,
the lowest of our sample.15 Additionally, the absolute sur-
face luminosity of the explosion site and intrinsic neutral
hydrogen column density also mark GRB 060729 as having
exploded in a particularly faint and relatively low-density
environment compared to the rest of our sample (see Sec-
tion 5.2.1 and Fig. 15), in support of the prediction (see also
discussion of comparatively remote LGRB environments by
De Cia et al. 2011).
15 Furthermore, the ‘cut-out’ and ‘ring’ Flight values (see Sec-
tion 5.2) are similarly low, 0.15 and 0.21, respectively.
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Figure 14. Top: An example Flight heatmap from Fig. 1 shown
for the whole pixel distribution (left) and for a ‘ring’ of pixels
that are approximately the same apparent oﬀset as the LGRB lo-
cation (right). Markers have the same meaning as Fig. 1. Bottom:
Cumulative distribution of Flight calculated for bursts with when
including only the ‘ring’ of pixels at similar oﬀset to the LGRB
location. For any given oﬀset, LGRBs explode on the brighter
regions of their hosts. In order to minimise the eﬀects of discreti-
sation of the Flight statistic, we also plot only those values where
> 10 pixels make up the ‘ring’ distribution, this is indistinguish-
able from the entire sample.
5.2.1 Surface luminosities and NH
We have additionally calculated surface luminosities of the
hosts at the GRB explosion sites (for which we have accu-
rately located the burst) in order to compare them not only
relatively to the individual hosts’ light distributions, but
also absolutely against each other. The surface luminosity
of the GRB explosion sites were determined by converting
the pixel flux into units of solar luminosity and then account-
ing for the physical size of the pixel at the distance of the
GRB host. The conversion into solar luminosities was per-
formed using a linearly interpolated broadband filter SED
of the Sun, which was sampled at the rest-frame wavelength
of the host observation based on the redshift of the host.
Uncertainties are quoted for the Poisson uncertainty on the
pixel value but do not include uncertainties due to redshift
estimates or systematics due to transforming the observa-
tions to a monochromatic effective wavelength (which is de-
pendant on the unknown underlying spectral shape). Upper
limits for the surface luminosities at the location of our unde-
tected hosts (Section 4.2) were found by taking the 1σ back-
ground level luminosity. These values are compared to intrin-
sic neutral hydrogen column density values, NH, determined
by Swift, where possible. The X-ray column density values
were obtained following the general method of Starling et al.
(2013), with significant refinements in selection criteria and
statistical analysis (McGuire et al. in preparation). Values
are given in Table A2. We find a positive correlation (Fig. 15;
Spearman’s rank = 0.529, p = 9.5× 10−3, excluding limits.)
between the two – i.e. LGRBs in more luminous regions have
higher column densities. This appears to be an incarnation
of the Schmidt-Kennicutt law. Wang et al. (2015) showed
that NH is well correlated to ΣSFR, the surface SFR, aver-
aged over the burst hosts. In Fig. 15 this is shown for the
explosion sites themselves, taking higher surface luminosity
regions as being indicative of a larger presence of younger,
massive stars. We note that our initial findings here should
be further investigated based on rest-frame UV imaging of
the explosion sites, where the relation between luminosity
and SFR is more clear-cut. We find that high NH values, ex-
pected for more intense regions of star formation, occur at a
relatively wide range of surface luminosities - this may be at
least partly due to extinction effects. However, bursts with
lower (or only upper limits on) NH (log10 NH
<
∼ 21 cm
−2)
are almost all located on fainter regions. The sharp drop
off above log10 NH ∼ 22 cm
−2 may be the result of a se-
lection bias against more heavily extinguished bursts as our
sample is comprised of LGRBs with determined redshifts,
almost exclusively from their afterglows (see also discus-
sion in Jakobsson et al. 2006a). Indeed, a study of Swift-
detected GRBs showed that those with redshift determina-
tions are systematically offset to lower NH values than those
without (Fiore et al. 2007). We note that Arabsalmani et al.
(2015) detected Hi in 21cm emission for the host galaxy of
GRB 980425/SN 1998bw. These authors found, in accor-
dance with our findings here, that the explosion site of the
LGRB, nearby a very luminous SF region hosting a Wolf-
Rayet population, is coincident with the highest column
density region of the galaxy and that the column density
inferred is typical of those found for cosmological LGRBs.
Given a positive relation between NH and surface lu-
minosity, we investigated any potential impact on LGRB
detectability in the most luminous galaxies, which seem to
be under-represented in LGRB host samples (Fig. 5). To
address this we used the F160W data of the Cosmic Assem-
bly Near-infrared Deep Extragalactic Legacy Survey (CAN-
DELS, Grogin et al. 2011; Koekemoer et al. 2011) GOOD-
S field to find luminous (MF160W/(1+z) < −22) hosts with
z < 3 in the catalogue of Santini et al. (2015). After running
our source detection method (Section 3.2) on the CANDELS
image16 we cross matched the luminous catalogue entries
with our detections. For each source we determined poten-
tial LGRB explosion sites assuming they would follow the
same host-normalised offset distribution (Fig. 9); for every
offset we found the pixel with Flight nearest to 0.8 (the me-
dian value for our sample, Figs. 10 and 14) and calculated its
surface luminosity. This overall distribution of surface lumi-
nosities of potential LGRB-explosion sites in luminous hosts
is shown in Fig. 15. Although weighted towards higher lu-
minosities than our observed distribution (as expected), the
16 http://candels.ucolick.org/data_access/GOODS-S.html ,
v1.0.
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Figure 15. Bottom: The NH values determined from GRBs plot-
ted against the surface luminosity of their explosion site. Upper
limits of surface luminosities and/or NH are shown as open circles.
Top: The cumulative distribution of the observed LGRB explo-
sion sites (dashed) and that expected from a LGRB population
exploding in the most luminous hosts (MF160W/(1+z) < −22) as-
suming they trace their host light distribution in a similar fashion
(see text).
vast majority lies within our observed range and, in partic-
ular, there is no significant tail at very high luminosities.
This indicates that bursts exploding in the most luminous
hosts would not be subject to a strong selection effect due to
obscuration of the GRB (above that of those bursts in less
luminous hosts), which could occur at exceptionally high
column density values.
6 CONCLUSIONS
39 LGRB locations (z < 3) have been observed with a
SNAPSHOT HST program in F160W filter, of which we
detect 35 hosts. We performed astrometric alignment of the
bursts to study the explosion sites of 31 bursts within their
host galaxy light profiles. From the study of these data we
have found:
• The detected LGRB host population is significantly
fainter than a SFR-weighted field galaxy population over
the same redshift range, indicating LGRBs are not unbias-
edly tracing the star formation over this redshift range.
• When parametrising the hosts’ morphologies by concen-
tration (C) and asymmetry (A), we found the population to
be mainly composed of galaxies that share properties with
spiral-like and irregular galaxies, with a smaller contribution
from elliptical-like and merging systems. We found evidence
that LGRB hosts become more concentrated and less lumi-
nous at lower redshift, consistent with the cosmic downsizing
of star formation.
• Our LGRB projected offsets confirm the centralised na-
ture of these explosions, with a median offset of 1.0±0.3 kpc,
in agreement with previous work. LGRBs are more centrally
concentrated than CCSNe and comparable to SLSNe.
• Our host r80 distribution is larger than that found by
S10, in agreement with BBF16, indicating LGRB hosts are
intermediate in size between the hosts of SLSNe and CCSNe.
• We found that LGRBs are strongly biased towards ex-
ploding in bright regions of their hosts. This bias exists for
LGRBs at all offsets (i.e. larger offset bursts preferentially
explode on the brighter outer regions of their hosts).
• We found a correlation between the surface luminosities
of the explosion sites and the column density towards the
bursts.
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APPENDIX A: HOST DATA
In Table A1 we show the properties of the detected GRB
hosts in our sample. Table A2 contains our results on the
explosion sites of the LGRBs, including the Flight statistic.
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Table A1. Properties of the LGRB hosts detected with SExtractor
GRB r20 r50 r80 Plate scale E(B − V ) Host abs maga σmag Ab Cc Pch
d
(kpc) (kpc) (kpc) (kpc/arcsec) (mag) (mag) (mag)
050315 0.85+0.06−0.02 1.72
+0.18
−0.06 2.83
+0.63
−0.08 8.02 0.06 −20.621 0.06 0.22± 0.09 2.60
+0.51
−0.00 0.0022
050401 0.62+0.11−0.03 1.16
+0.35
−0.07 2.31
+1.15
−0.04 7.43 0.07 −19.907 0.18 0.23± 0.16 2.85
+0.59
−0.12 0.0035
050824 1.39+0.21−0.08 3.08
+0.56
−0.19 5.74
+2.10
−0.61 7.26 0.03 −18.959 0.14 0.11± 0.24 3.08
+0.33
−0.26 0.0106
051016B 0.86+0.01−0.02 1.66
+0.00
−0.07 2.85
+0.00
−0.14 7.53 0.05 −20.741 0.01 0.16± 0.03 2.61
+0.03
−0.09 0.0134
060124 0.85+0.08−0.19 1.55
+0.24
−0.35 2.66
+0.49
−0.79 7.84 0.14 −18.844 0.26 0.15± 0.27 2.47
+0.56
−0.28 0.0060
060218 0.18+0.00−0.00 0.36
+0.00
−0.01 0.65
+0.00
−0.02 0.64 0.16 −15.958 0.01 0.20± 0.01 2.82
+0.00
−0.05 0.0024
060502A 0.61+0.21−0.03 1.17
+0.66
−0.07 2.25
+1.25
−0.03 8.09 0.04 −17.949 0.20 0.28± 0.13 2.84
+0.46
−0.25 0.0031
060505 0.88+0.00−0.02 1.99
+0.00
−0.05 3.70
+0.00
−0.12 1.59 0.02 −20.015 0.01 0.16± 0.01 3.13
+0.00
−0.04 0.0077
060602A 1.36+0.08−0.07 3.24
+0.24
−0.25 6.29
+0.74
−0.40 7.14 0.03 −19.727 0.04 0.12± 0.14 3.32
+0.21
−0.10 0.0070
060614 0.40+0.01−0.00 0.79
+0.03
−0.01 1.46
+0.15
−0.01 2.14 0.02 −16.398 0.02 0.13± 0.06 2.80
+0.21
−0.01 0.0051
060729 0.80+0.05−0.03 1.69
+0.20
−0.06 3.23
+0.57
−0.15 6.09 0.06 −18.163 0.07 0.13± 0.14 3.04
+0.35
−0.11 0.0047
060912A 2.64+0.00−0.18 4.82
+0.00
−0.28 7.50
+0.00
−0.69 7.53 0.05 −21.412 0.00 0.07± 0.11 2.27
+0.05
−0.18 0.0114
061007 1.61+0.12−0.07 3.00
+0.49
−0.11 6.48
+1.34
−0.56 7.98 0.02 −20.013 0.05 0.21± 0.12 3.03
+0.29
−0.18 0.0065
061110A 0.75+0.01−0.14 1.64
+0.00
−0.53 2.94
+0.00
−0.91 7.04 0.10 −17.670 0.15 0.24± 0.22 2.97
+0.24
−0.48 0.0053
070318 0.78+0.05−0.02 1.38
+0.12
−0.03 2.28
+0.53
−0.02 7.29 0.02 −18.588 0.05 0.09± 0.08 2.33
+0.49
−0.01 0.0024
070521 0.93+0.05−0.04 1.95
+0.10
−0.12 3.91
+0.61
−0.36 7.96 0.03 −21.540 0.03 0.12± 0.07 3.11
+0.37
−0.18 0.1000
071010A 0.58+0.01−0.15 1.29
+0.00
−0.49 2.66
+0.02
−1.23 7.62 0.11 −17.717 0.47 0.14± 0.13 3.29
+0.00
−0.88 0.0036
071010B 0.85+0.03−0.01 1.63
+0.08
−0.04 2.78
+0.26
−0.07 7.55 0.01 −20.255 0.01 0.08± 0.03 2.57
+0.24
−0.04 0.0016
071112C 1.22+0.24−0.02 2.54
+0.80
−0.00 4.91
+1.82
−0.00 7.24 0.12 −18.771 0.14 −0.05± 0.24 3.03
+0.39
−0.00 0.0071
071122 1.33+0.00−0.10 2.66
+0.00
−0.31 4.96
+0.04
−0.73 7.86 0.05 −20.562 0.03 0.06± 0.10 2.86
+0.08
−0.41 0.0038
080319C 0.75+0.12−0.16 1.23
+0.24
−0.27 1.86
+0.59
−0.55 8.02 0.03 −19.367 0.05 0.28± 0.08 1.99
+0.86
−0.10 0.0026
080430 1.18+0.01−0.33 2.42
+0.21
−0.71 5.24
+0.03
−1.93 7.07 0.01 −18.010 0.14 0.21± 0.32 3.24
+0.15
−0.47 0.0090
080520 1.94+0.06−0.05 3.66
+0.18
−0.05 5.86
+0.41
−0.00 8.09 0.08 −21.727 0.03 0.37± 0.09 2.41
+0.21
−0.00 0.0092
080605 0.80+0.00−0.02 1.50
+0.00
−0.07 2.66
+0.00
−0.17 8.10 0.14 −21.731 0.01 0.15± 0.03 2.60
+0.08
−0.08 0.0012
080707 0.99+0.03−0.04 1.96
+0.10
−0.07 3.71
+0.54
−0.18 7.96 0.10 −20.615 0.04 0.17± 0.07 2.86
+0.29
−0.06 0.0021
080805 1.04+0.04−0.03 2.16
+0.10
−0.11 3.98
+0.38
−0.27 8.09 0.05 −20.775 0.06 0.14± 0.07 2.91
+0.21
−0.12 0.0040
080916A 0.78+0.01−0.03 1.54
+0.02
−0.06 2.68
+0.10
−0.13 6.78 0.02 −19.582 0.01 0.08± 0.03 2.67
+0.14
−0.06 0.0017
081007 0.77+0.17−0.02 1.42
+0.54
−0.00 3.11
+0.63
−0.15 6.01 0.02 −17.026 0.11 0.16± 0.19 3.02
+0.26
−0.22 0.0051
081121 0.74+0.08−0.04 1.35
+0.16
−0.10 2.10
+0.42
−0.16 7.71 0.05 −19.824 0.10 0.11± 0.12 2.26
+0.63
−0.07 0.0078
090418A 0.83+0.01−0.04 1.56
+0.02
−0.10 2.50
+0.07
−0.19 8.10 0.05 −20.366 0.03 0.15± 0.05 2.39
+0.15
−0.10 0.0018
090424 1.32+0.00−0.02 2.38
+0.00
−0.04 3.79
+0.02
−0.08 6.09 0.03 −20.577 0.01 0.19± 0.02 2.29
+0.03
−0.03 0.0032
090618 1.38+0.09−0.04 2.74
+0.38
−0.06 5.31
+1.31
−0.00 6.07 0.09 −19.198 0.03 0.13± 0.11 2.93
+0.44
−0.00 0.0091
091127 1.09+0.08−0.02 2.20
+0.24
−0.00 3.99
+0.88
−0.00 5.77 0.04 −18.818 0.03 0.13± 0.10 2.82
+0.40
−0.00 0.0057
091208B 0.85+0.09−0.27 1.58
+0.29
−0.50 3.07
+0.40
−1.26 7.76 0.06 −17.116 0.24 0.19± 0.40 2.77
+0.24
−0.55 0.0063
a Absolute magnitude of host at λ = 15400/(1 + z) A˚ where Mλ = mF160W − µ+ 2.5 log10(1 + z). Corrected for Milky Way dust extinction
following Schlaﬂy & Finkbeiner (2011).
b Host asymmetry (Section 4.3.3).
c Host concentration (Section 4.3.3).
d The probability of a chance alignment of the galaxy and burst, see Section 4.1.
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APPENDIX B: DIRECT COMPARISON OF
Flight VALUES
Recently, BBF16 have found that the degree of association
of LGRBs to the brightest regions of their hosts is less than
what has previously been suggest (F06; S10), in particu-
lar for larger offset LGRBs. In this study we have found a
very strong association, in support of previous works and
at odds with the distribution of BBF16. Here we present
a comparison of the Flight values determined for LGRBs in
this study and that of BBF16, where both measurements
were made in the F160W filter. We note that the choice of
drizzling parameters for the data reduction were the same
in each study and we consider only those events where the
burst was well localised in each study. In Fig. B1 we plot
Flight values from each study for the overlapping events. Al-
though there is a correlation between the values, there is
a tendency to larger Flight values in this study compared
to those of BBF16 (for 16/23 events we find a larger Flight
value). Additionally, there are notable exceptions. Six events
have a difference in Flight of ≥ 0.25 between the studies, the
causes of which we assess by visually inspecting our SEx-
tractor segmentation maps and the highlighted explosion
location with the plots of BBF16.
For GRB 050401 we find a relatively low Flight of 0.13,
with the LGRB location being just offset from the bright
central region of the host.17 Although difficult to tell, it ap-
pears the location adopted in BBF16 is more centred on the
host giving rise to a larger Flight. GRB 050824 is located
close to a bright compact region of the more extended host
in each study. For GRB 061110A, we find a central location,
slightly offset west, compared to the somewhat more west-
ern offset adopted in BBF16, explaining the larger Flight
value we find. The locations for GRB 071112C appear to
agree very well, although BBF16 find a larger Flight value.
Our location is close to high Flight value pixels, but it is un-
fortunately difficult to assess the precise location adopted
in BBF16. Similar locations for GRB 080319C were deter-
mined in each study based on GEMINI/GMOS-N afterglow
imaging. The compact nature of the host results in large
changes of Flight with only a small shift in pixels. Our loca-
tion of GRB 080430 is on the brightest knot of the galaxy
light. The location in BBF16 appears to also be centred on
this knot however they find a lower Flight value. Again, the
apparent size of the host means a shift of only a few pixels
can drastically alter the Flight value.
A common theme, which has been shown visually in
Figs. 1 and 2, is the large change in Flight over the space of
only a few pixels with such distant and thus small apparent-
size hosts. The larger apparent-size hosts have Flight values
that agree very well between the studies. Small differences
in adopted explosion locations in the Flight distributions of
these hosts do not make such drastic changes as the distri-
butions is more smoothly varying with respect to pixel size
(see Fig. 1). The bursts with large differences in the Flight
values are compact hosts – even in the case of GRB 050824,
the large change in Flight is the result of the burst being
17 We note that the VLT/FORS afterglow image we used for
astrometric alignment is slightly under-sampled, and may consti-
tute another source of positional uncertainty.
located close to a bright compact knot, mimicking the effect
seen for the compact hosts.
B1 Weighted Flight statistic
Although in a statistical sense the uncertainties in the over-
all Flight distribution from the choices of the precise pixel
value to use should be circumvented with large samples,
a detailed investigation into the potential biases and un-
certainties on such pixel-based statistics, in particular with
respect to alignment uncertainties, is lacking. When the lo-
cation rms is less than that of the seeing in the images, one
can consider the pixel distribution has already undergone
a ‘smoothing’ to account for this uncertainty and the Flight
value of the pixel underlying the determined location can be
taken (as is considered here and in previous works), however
this may not be the best approach to determine Flight for a
given location, which should rather be done in a probabilis-
tic manner. F06 and S10 convolved their images with the
positional uncertainty and selected the pixel Flight under-
lying their adopted location whereas Kangas et al. (2016)
used a MC approach to estimate the effect of positional un-
certainty on their pixel rank values. BBF16 used a method
for poorly localised bursts whereby the location is modelled
as a 2D Gaussian centred on the best-guess location. Each
pixel’s Flight value is then given a probability of being the
actual Flight value determined by the 2D Gaussians proba-
bility density function (pdf) integrated over that pixel. The
Flight value is taken as the mean of this distribution, with
an uncertainty given by the standard deviation. We have
implemented a similar procedure (Fig. B2) but do not re-
duce the probability distribution to a single Flight value and
uncertainty (cf. BBF16), since the resulting probability dis-
tributions are not well described by a Gaussian distribution.
Instead we allow every pixel in a 3σ box centred on the de-
termined locations to contribute to the LGRB cumulative
Flight distribution by an amount given by its probability
(Fig. B3). This was done for all bursts for which we calcu-
lated an Flight previously, since the procedure is also applica-
ble for well-localised bursts (in the limit of zero uncertainty
on the location, the pdf becomes a delta function and the
procedure reduces to that described in Section 3).18 Using
this weighted Flight statistic we confirm the preference for
LGRBs to explode on the brighter regions of their hosts;
∼ 50 per cent of the total summed location pdf lies on the
brightest ∼ 20 per cent of the hosts. Thus, since our align-
ments are generally quite accurate, we are not particularly
sensitive to the choice of method for determining Flight. The
use of such methods becomes necessary for more poorly lo-
calised events, so long as the uncertainty is small relative to
the apparent size of the host system..
18 We still do not include the three bursts (GRBs 051016B,
070521, 081121) for which we only have very poor localisation.
As was noted by BBF16, even in the case of correctly accounting
for the relative probability of each pixel’s contribution, the Flight
value is of little use with such poor localisation since most or all
of the host is included, as well as signiﬁcant portions outside the
SExtractor segmentation map, which weights the Flight distri-
bution to zero.
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Table A2. Properties of the LGRBs explosion sites
GRB rmsa Oﬀsetcen Oﬀsetbright Flight Surface Lum log10NH
(mas) (kpc) (kpc) (log10L⊙kpc
−2) cm−2
050315 41 0.17 0.60 0.91 9.18+0.03−0.03 22.05
+0.08
−0.09
050401 39 1.02 1.06 0.13 9.00+0.08−0.09 22.20
+0.25
−0.48
050824 60 3.33 4.07 0.62 7.89+0.06−0.07 < 20.97
051016B 440 — — — — —
060124 88 0.93 0.69 0.96 8.77+0.06−0.07 21.77
+0.15
−0.22
060218 29 0.10 0.10 0.86 8.51+0.01−0.02 21.63
+0.06
−0.06
060502A 39 0.44 0.46 0.91 8.36+0.05−0.06 21.79
+0.16
−0.22
060505 48 6.72 6.84 0.60 8.21+0.02−0.02 < 21.22
060602A 76 1.21 1.35 0.78 8.12+0.05−0.05 —
060614 40 0.77 0.71 0.47 7.51+0.05−0.05 < 20.12
060729 14 2.27 2.48 0.11 7.33+0.09−0.11 21.01
+0.08
−0.09
060912A 33 4.76 4.93 0.60 8.18+0.05−0.06 < 20.78
061007 80 2.11 0.78 0.97 8.48+0.04−0.04 21.86
+0.09
−0.10
061110A 38 0.82 0.82 0.77 7.91+0.06−0.07 < 21.48
070318 72 1.12 0.56 0.77 8.24+0.04−0.05 21.96
+0.08
−0.08
070521 — — — — — —
071010A 21 0.34 0.18 0.89 8.28+0.05−0.05 22.18
+0.23
−0.29
071010B 53 0.66 0.71 0.89 8.88+0.02−0.02 21.34
+0.28
−0.77
071031 25 — — — < 9.56 < 21.62
071112C 21 1.76 1.78 0.43 7.65+0.08−0.10 < 20.81
071122 63 0.59 0.81 0.96 8.71+0.03−0.03 —
080319C 21 0.47 0.26 0.85 8.84+0.05−0.05 < 21.84
080430 39 1.26 0.44 0.96 8.01+0.05−0.06 21.72
+0.07
−0.08
080520 73 4.94 5.73 0.78 8.80+0.03−0.04 22.62
+0.40
−0.73
080603B 82 — — — < 9.55 —
080605 32 0.91 0.67 0.85 9.56+0.02−0.02 22.19
+0.26
−0.35
080707 23 0.53 0.24 1.00 9.00+0.02−0.02 21.66
+0.26
−0.52
080710 25 — — — 7.64+0.08−0.10 21.11
+0.26
−0.65
080805 45 3.48 3.97 0.63 8.64+0.04−0.04 22.25
+0.18
−0.22
080916A 49 0.14 0.15 1.00 8.76+0.02−0.02 21.97
+0.09
−0.10
080928 29 — — — < 8.92 21.56+0.21−0.38
081007 33 1.01 0.42 0.94 7.82+0.05−0.06 21.83
+0.10
−0.12
081008 23 — — — < 9.10 < 21.51
081121 179 — — — — —
090418A 55 0.74 0.37 0.93 9.08+0.03−0.03 22.23
+0.08
−0.09
090424 30 2.09 2.33 0.70 8.50+0.03−0.03 21.76
+0.06
−0.06
090618 48 3.47 2.45 0.41 7.63+0.07−0.08 21.37
+0.06
−0.07
091127 41 2.01 1.69 0.76 8.02+0.04−0.05 21.05
+0.13
−0.17
091208B 34 0.79 1.23 1.00 7.85+0.07−0.08 22.10
+0.11
−0.12
a Total positional uncertainty of the LGRB: the star-matched geometric alignment in
each axis and afterglow centroiding uncertainties added in quadrature.
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Figure B1. Direct comparison of Flight determined here and in BBF16 for the overlapping sample where measurements were made in
F160W. The 1:1 relation is plotted with a black dashed line, and black dotted lines denote diﬀerences between the studies of 0.3 in Flight.
A linear regression ﬁt (grey solid line) is given by an intercept and slope of -0.044 and 0.898, respectively. GRBs are labelled, with their
colour coding set by their r50 value.
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Figure B2. Top: An example Flight heatmap from Fig. 1
where the localisation is poorer (notwithstanding GRBs 051016B,
070521 and 081121). The GRB localisation is indicated by the
dashed ellipse. Bottom: The probability distribution of Flight val-
ues for this GRB (binned in intervals of 0.05). Although the value
we determine in the main study (Flight = 0.97) is most proba-
ble, when considering the location uncertainty, there is signiﬁcant
probability of other Flight values.
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Figure B3. The weighted Flight distribution for LGRBs in this
study. Every pixel within 3σ of the location for each burst con-
tributes an amount to the distribution determined by the integral
of the 2D location uncertainty Gaussian over that pixel. The pref-
erence for LGRBs to explode on brighter regions of their hosts
remains when using this method.
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